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spontaneous B-DNA to A-DNA transitions observed in molecular
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Background: Duplex DNA is more than a simple information carrier. The
sequence-dependent structure and its inherent deformability, in concert with
the subtle modulating effects of the environment, play a crucial role in the
regulation and packaging of DNA. Recent advances in force field and simulation
methodologies allow molecular dynamics simulations to now represent the
specific effects of the environment. An understanding of the environmental
dependence of DNA structure gives insight into how histones are able to
package DNA, how various proteins are able to bind and modulate nucleic acid
structure and will ultimately aid the design of molecules to package DNA for
more effective gene therapy.
Results: Molecular dynamics simulations of d[ACCCGCGGGT]2 in solution in
the presence of hexaamminecobalt(III) [Co(NH3)63+] show stabilization of
A-DNA and spontaneous B-DNA to A-DNA transitions, which is consistent with
experimental results from NMR and Raman spectroscopic and X-ray
crystallographic studies. In the absence of Co(NH3)63+, A-DNA to B-DNA
transitions are observed instead. In addition to their interaction with the
guanines in the major groove, Co(NH3)63+ ions bridge opposing strands in the
bend across the major groove, probably stabilizing A-DNA.
Conclusions: The simulation methods and force fields have advanced to a
sufficient level that some representation of the environment can be seen in
nanosecond length molecular dynamics simulations. These simulations suggest
that, in addition to the general explanation of A-DNA stabilization by
dehydration, hydration and ion association in the major groove stabilize A-DNA.
Introduction
A common belief regarding the structure of double-
helical DNA in solution is that it most closely resembles
the canonical B-DNA family of structures. Under more
drastic conditions, such as low relative humidity, high salt
conditions, or the presence of ethanol, other canonical
forms of DNA, such as A-DNA, C-DNA and Z-DNA, are
found [1]. A simple generalization of this observation is
that these other forms of DNA probably play an insignifi-
cant biological role, because B-DNA is the dominant
structural form under physiological conditions. It has
been demonstrated and suggested that A-DNA, Z-DNA
[2] and other higher order DNA structures [3], such as
quadruplexes, however, can and do form under physiolog-
ical conditions and moreover probably have an important
biological role. A particularly intriguing example is the
transition of B-DNA into A-DNA induced by the binding
of α,β-type small acid-soluble spore proteins in Gram-
positive bacteria, which decreases their susceptibility to
photodamage [4]. Similarly, the binding of the TATA-
binding protein modulates the structure of DNA consis-
tent with a local A-DNA structure in the TATA region
[5–7]. These examples represent cases in which a reason-
ably sized protein binds to a nucleic acid and modulates
its structure. It is not clear whether the mechanism of this
transition is due to a non-specific or specific effect. A
non-specific mechanism might involve the reduction in
water activity due to the association of the protein; an
example of this type of transition is observed in greater
than ∼80% ethanol. In this case, it is probably not the spe-
cific binding of ethanol to DNA that leads to the B-DNA
to A-DNA transition, but disruption of the water and
ionic environment around the DNA. In contrast, a spe-
cific mechanism might involve the DNA binding to a site
on the protein that accommodates A-DNA better than 
B-DNA. Alternatively, the binding of a ligand may
somehow shift the equilibrium to favor A-DNA. Exam-
ples of specific mechanisms are the binding of neomycin,
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spermine or hexaamminecobalt(III) [Co(NH3)63+] to
DNA, which leads to a B-DNA to A-DNA transition [8].
A complete understanding of the specific and non-spe-
cific mechanisms for the stabilization of A-DNA has not
yet been reached, nor a has model unifying the two
mechanisms described.
Looking at one specific mechanism in more detail, it is
known that the addition of Co(NH3)63+ to DNA induces a
B-DNA to A-DNA transition in duplexes with stretches of
GpG sequences and a B-DNA to Z-DNA transition in
sequences with CpG (or even CpGpTpA) repeats. This is
verified by characteristic changes in circular dichroism [9]
and also in the refined structures from NMR spectroscopy
and X-ray crystallography. The structural data clearly
demonstrate that the Co(NH3)63+ ions bind in the major
groove and hydrogen bond to the N7 and O6 guanine
atoms in GpG stretches [8,10]. In Z-DNA, an additional
interaction of the major groove binding ions involves
hydrogen bonding to the adjacent phosphate [11,12].
Analysis of the rotational dynamics of Co(NH3)63+ in the
presence of DNA with stretches of GpG sequence sug-
gests two classes of ‘bound’ ion — weak and tight binders
[13,14]. The tight binders have significantly damped rota-
tional motion and an effective correlation time of greater
than 5 ns. These very probably correspond to the ions
bound in the GpG ‘pockets’ in the major groove. The
weak binders are probably the ions found to interact with
the phosphates in crystal structures, which serve to stabi-
lize close approach of symmetry-related strands [15]. It has
also been suggested that the Co(NH3)63+ ions can bridge
phosphates across the major groove of A-DNA [10] or
between symmetry-related strands [15]. The role of these
bridging ions, across the grooves and between symmetry
related strands, is less well characterized and may be
strongly influenced by crystal packing forces.
Titration of Co(NH3)63+ ions with d[A2G15C15T2]2 demon-
strates that the transition to A-DNA is not complete until
a 4:1 ratio of Co(NH3)63+ ions to DNA is achieved [8]. To
better understand the solution structure and the role of
Co(NH3)63+ binding, the smaller and more easily assigned
sequence, d[ACCCGCGGGT]2, was subject to NOE-
restrained refinement [8]. Without any Co(NH3)63+ ions
present, the structure remained in a canonical B-DNA
form. At low ion ratios, or ∼1:1 ions: DNA, the resonances
associated with the A- and B-conformations can barely be
discerned, suggesting an equilibrium that is intermediate
on the NMR timescale. At 4:1 ratios, the structure is in the
A family. The NMR spectroscopic data clearly show that a
single Co(NH3)63+ ion binds into each of the two GpGpG
pockets in the major groove [8]. On the basis of the crystal
data [10], it is speculated that an additional binding mode
involves the other ions bridging the phosphates from
opposing strands across the major groove. The solution
data do not definitively support this conjecture. Similarly,
in the crystal, although hexaamminecobalt(III) can be
found in the major groove interacting with the GpG steps
in d[AGGCATGCCT] [15], its presence there is not nec-
essary to stabilize A-DNA. A very similar structure (super-
poses on previous structure with a root mean squared
deviation of 0.89 Å) is found when the second guanine is
brominated, yet no Co(NH3)63+ ions are found in the
major groove of this crystal [16]. These observations raise
the questions: why are four Co(NH3)63+ ions needed to
complete the transition from B-DNA to A-DNA and what
is the role of the weak binding Co(NH3)63+ ions in stabiliz-
ing A-DNA or inducing the B-DNA to A-DNA transition?
Moreover, is there a unifying model that can give insight
into the stabilization of A-DNA in solution?
The goal of the present study is to use molecular dynam-
ics simulations in an attempt to answer these questions.
This is a difficult task which requires realistically repre-
senting some effect of the environment on DNA struc-
ture. Until fairly recently, the simulation of nucleic acids
was limited to short timescales (< 200 ps) and marred by
instabilities from less than adequate force field representa-
tions and improper treatment of the electrostatic interac-
tions [17]. The instabilities led to considerable distortion
of the DNA structure in the nanosecond time frame [18].
Advances in computer power, coupled with the develop-
ment of balanced force field representations [19,20] and
the application of methods to properly represent the elec-
trostatic interactions [21,22] now allow routine and reliable
nanosecond length simulations [23]. Using the Cornell et
al. force field [19] developed in our laboratory, our group
and others have demonstrated reasonable representation
of sequence specific structure in the simulation of DNA
for a variety of sequences [24,25]. An initial test of the
‘balance’ in the force field, or the representation of some
effect of the environment in the structure and dynamics,
is presented in the study of the A-DNA and B-DNA equi-
librium in water. It is expected that the B-form should be
stable. Simulations with the Cornell et al. force field
demonstrate spontaneous A-DNA to B-DNA transitions in
water for a variety of sequences [26,27], as is expected. In
contrast, simulations with other force fields unexpectedly
stabilize A-DNA in water [28,29], which suggests a subtle
deficiency in those force fields. Of course, in the absence
of contradicting evidence, it may be claimed that the
Cornell et al. force field overstabilizes B-form geome-
tries. This is based on the unexpected stabilization of 
‘B-RNA’ [24] and the difficulty in inducing a B-DNA to
A-DNA transition in mixed water and ethanol solution
[30]. Although spontaneous B-DNA to A-DNA transitions
were not observed without subtle force field modifica-
tion in these latter simulations of d[CCAACGTTGG]2 in
∼85% ethanol with the Cornell et al. force field, A-DNA
was observed to be stable on a multi-nanosecond timescale
[30]. The ability to represent some effect of the environ-
ment has also been demonstrated in simulations by with a
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different force field (DR Langley, personal communica-
tion). The simulations by Langley demonstrate sponta-
neous A-DNA to B-DNA transitions in water and B-DNA
to A-DNA transitions in mixed water and ethanol solu-
tions or under high salt conditions. 
Taken together, these recent results suggest that the
force fields and methods have matured to the point that
some effect of the environment, at least in terms of non-
specific B to A transitions, can reasonably be represented
in molecular dynamics simulations. In this work, we
strengthen this observation by showing the specific
effects of Co(NH3)63+ ions in stabilizing A-DNA. Mol-
ecular dynamics simulations on the Wang sequence,
d[ACCCGCGGGT]2, with the Cornell et al. force field
and a particle mesh Ewald treatment, demonstrate that
when two Co(NH3)63+ ions are placed into the GpGpG
pockets and two additional Co(NH3)63+ ions are placed
near the backbones not only is A-DNA stabilized over a
multi-nanosecond timescale, but spontaneous B-DNA to
A-DNA transitions are observed. The binding of the ions
represents a specific switch that causes the ‘stable’ B-
DNA to convert to A-DNA. In addition to the ions in the
GpGpG pockets, the results suggest that Co(NH3)63+ ions
bridging the major groove stabilize the bend of A-DNA
that brings the opposite backbones fairly close together.
Results and discussion
Stabilization of A-DNA by Co(NH3)63+ ions
Four ∼3 ns length molecular dynamics simulations in
explicit water were run on the d[ACCCGCGGGT]2
sequence with four Co(NH3)63+ ions and six extra Na+
ions added to neutralize the system, two starting from a
canonical A-DNA geometry and two starting from a
canonical B-DNA geometry. In each simulation, a
Co(NH3)63+ ion was initially placed near each of the two
GpGpG pockets in the major groove, and the other two
Co(NH3)63+ ions were placed near the backbone (as dis-
cussed in the Materials and methods). In the two A-DNA
simulations, except for transient movements towards B-
DNA, the structures remained closer to A-DNA than B-
DNA. The root mean square deviation (rmsd) of the
structure during the trajectory to A-DNA and B-DNA is
shown in Figure 1 for the unrestrained A-DNA simulation
with four Co(NH3)63+. Over the first 2 ns, the structure
remains fairly close to A-DNA. The average structure
from 1–2 ns is only 1.8 Å from canonical A-DNA and
1.44 Å from the refined A-DNA structure of the same
sequence crystallized in the presence of Ba2+ ions [10].
As shown in Table 1 (A-start), the structure has average
helicoidal parameters that are very similar to the crystal
structure (crystal). The largest differences relate to the
lower inclination, larger roll, larger propeller twist and
lower average pucker seen in the crystal. These differ-
ences lead to a larger bend across the major groove in the
crystal and a closer approach of the phosphates from
opposing strands (see Table 2). Notably, the average sugar
pucker from the A-DNA simulation is near O4′-endo in
contrast to the expected C3′-endo values. The rise of the
sugar pucker average is due to considerable repuckering of
the sugars in all the bases pairs except the central four.
After ∼2 ns, these central four base pairs also start to
display considerable repuckering, which in part explains
the local transition to a more B-like structure between
2.4–3.3 ns. Remarkably, over the 1–2 ns range in which
the pucker on average is in a O4′-endo conformation, the
structure remains very close to A-DNA. As mentioned in
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Figure 1
Root mean square deviation (rmsd) versus
time of the simulation of A-DNA with four
Co(NH3)63+ ions. The rmsd values (Å) were
calculated, using the program carnal, over the
entire trajectory taken at 1 ps intervals. The
rmsd to canonical B-DNA is shown in black
and the rmsd to canonical A-DNA is shown in
gray from the A-start simulation.
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the Introduction, the Cornell et al. force field may tend
to overstabilize C2′-endo sugar puckers relative to C3′-
endo [24,30], which tends to drive the structures closer to
a B-DNA geometry. As noted previously [30], one can
shift the A to B (C3′-endo to C2′-endo) equilibrium in the
DNA simply by modifying the twofold torsional parameter
for O–C–C–O torsions; however, a priori there is no
unequivocal way to decide on this value, and other subtle
defects in the stacking propensities and backbone angle
distributions may also shift the equilibrium. In spite of
this push towards B-like sugar puckers, it is clear that any
overstabilization of B-DNA is not so drastic as to prevent
the Co(NH3)63+ ions induced stabilization of A-DNA; this
clearly demonstrates that sugar puckers alone do not drive
the A–B transition. It should be noted that the average
helicoidal values shown in Table 1 for the crystal structure
differ significantly from those reported in the paper of Gao
et al. [10], particularly, with respect to the average base
pair inclination of 16.75° compared to the 3.9° reported
here in Table 1. This is probably an artifact of the method
used in that paper to calculate the helicoidal parameters
and helical axis (as is discussed in more detail in the Mate-
rials and methods).
A-DNA to B-DNA and B-DNA to A-DNA transitions
In water and in the absence of Co(NH3)63+ ions, the
d[ACCCGCGGGT]2 sequence undergoes a spontaneous
A-DNA to B-DNA transition. This is the control data
shown in Table 1. Although the structure is clearly closer
in conformation to B-DNA than A-DNA, it may be
argued that this structure is really intermediate between
B-DNA and A-DNA. In spite of the high rmsd to B-DNA
(3.2 Å), the average rise is clearly in the B-DNA range
1300 Structure 1997, Vol 5 No 10
Table 1
Root mean square deviation and average helicoidal parameters for the average structures compared to the crystal structure.
Rms to Rms to Rms to Base pair Propeller
A-DNA B-DNA crystal Pucker Rise x-displacement** inclination Roll twist Twist
(Å) (Å) (Å) (°) (Å) (Å) (°) (°) (°) (°)
Crystal* 1.22 5.40 6.3 3.14 –3.18 3.9 7.8 –18.3 32.1
A-start† 1.80 5.40 1.44 94.6 3.14 –3.49 6.0 3.2 –5.6 31.3
(34.4) (0.55) (0.73) (7.3) (8.4) (12.4) (5.0)
B-start‡ 1.70 4.88 1.58 87.9 3.08 –3.81 8.5 1.8 –6.7 31.3
(43.2) (0.55) (0.55) (7.3) (9.6) (12.2) (5.2)
Control§ 3.61 3.20 3.44 124.7 3.42 –2.78 1.4 1.6 –6.8 30.7
(31.4) (0.55) (0.49) (6.7) (8.5) (13.4) (5.4)
A-DNA# 0.00 5.68 1.70 13.1 2.56 –5.4 19.0 0.0 13.7 32.7
B-DNA# 5.68 0.00 4.88 191.6 3.38 –0.7 –5.9 0.0 3.7 36.0
The rmsd values were calculated using the program MidasPlus [48]
and the canonical A-DNA and B-DNA models were created as
described in the Materials and methods. The crystal structure of
d[ACCCGCGGGT]2 [10] was obtained from the Nucleic Acid
Databank [50], pdb entry code pdb220d. The sugar pucker
pseudorotation phase (pucker) and helicoidal parameters were
calculated from the average structures (created as described in the
Materials and methods) or the canonical A-DNA and B-DNA models
using the Dials and Windows interface [44] to Curves [45] and
averaged over all residues, base pairs or base pair steps where
appropriate. Values in parentheses represent the standard deviations,
computed from 1 ps intervals, over the time series represented by the
average structure. *The crystal values are from pdb220d. †A-start
represents the values of the average structure from the unrestrained
trajectory with four Co(NH3)63+ ions started from a canonical A-DNA
structure over the range from 1000 to 2000 ps. ‡B-start represents the
values of the average structure from the unrestrained trajectory with
four Co(NH3)63+ ions started from a canonical B-DNA geometry over
the range from 2500 to 3300 ps. §The control values represent the
average structure from the simulation without Co(NH3)63+ ions started
in a canonical A-DNA geometry over the range from 750 to 1750 ps,
which is after the structure has undergone a A-DNA to B-DNA
transition. #A-DNA and B-DNA represent the canonical model
structures. ** x-displacement from the helical axis.
Table 2
Phosphate distances representing the bend into the major
groove for the average structures compared to the crystal
structure.
A-start B-start Crystal Control
P2–P13 (Å) 11.20 (2.67) 12.63 (2.32) 9.11 21.54 (2.85)
P3–P12 (Å) 10.89 (2.44) 12.80 (2.14) 9.11 21.54 (2.96)
Low value (Å) ∼5.9 ∼8.1 ∼11.8
Shown are the distances and standard deviations (in parentheses)
between close approaching phosphate atoms seen when the A-DNA
structure bends into the major groove. The values represented (A-start,
B-start, crystal and control) are the same as is defined in Table 1,
except that all the non-crystal values were calculated directly from the
trajectory over the range represented (rather than the average
structure). In addition to the two inter-phosphate distances, the low
value observed over this portion of the trajectory is also displayed.
and the average sugar pucker (which suggests significant
repuckering) agrees well with our previous work [26]. As
is well known, rmsd values better represent a close simi-
larity of structures (i.e. with values less than ∼2.0 Å) than
dissimilarity, as small perturbations in structure can lead
to large rmsd values. The observation of a structure that
is perhaps intermediate between A-DNA and B-DNA,
but strictly closer to B-DNA, is a common feature when
applying this simulation protocol for sequences with
poly(G) stretches (TEC and PAK, unpublished results).
Because Na+ ions migrated into the GpGpG pockets
during the dynamics, it was thought that this intermedi-
ate structure might be explained by ionic association in
the major groove, similar to that mediated by Co(NH3)63+
in the transition to A-DNA. The Na+ ions in the GpGpG
pocket may drive the structure to be more A-like. This is
something that is very easy to test in simulations because,
unlike experiments, it is possible to run the simulation in
the absence of any counterions. When this is done, the
same nanosecond average structures (within rmsd values
of 0.62 Å) are obtained. This suggests that the transition
closer to A-DNA is an intrinsic property of poly(G)
stretches or an explicit bias in the force field, and it is not
due to Na+ ion association.
In the simulations of B-DNA with Co(NH3)63+, the struc-
ture transitions are within ∼3 Å of canonical A-DNA (and
> 4 Å to B-DNA) during the first 100–200 ps. The time
course of the rmsd is shown in Figure 2 for the unre-
strained simulation of B-DNA with Co(NH3)63+. After the
initial transition to an intermediate structure, which is
∼1.2 Å from the average structure without Co(NH3)63+, the
structure remains in this intermediate state until ∼2.5 ns at
which it completes the transition to become fully A-DNA.
The average structure computed over this range of the tra-
jectory (from 2.5–3.3 ps) shows better agreement with
A-DNA than the A-start simulation, with a lower rise and
average pucker and higher base pair inclination (see
Table 1, B-start). The transition to a more A-like structure
coincides with a nearly simultaneous transition in the
sugar puckers in the GpGpG region to C3′-endo as shown
in Figure 3 and also with Co(NH3)63+ ions moving in, to
bridge the bend across the major groove as will be dis-
cussed in more detail below. Analysis of the data pre-
sented in Figures 1 and 2 suggests that the DNA is still
undergoing fairly large structural changes within the ∼3 ns
sampled in the molecular dynamics. This suggests that the
simulations have not reached equilibrium and perhaps,
with the force field employed, multiple A-DNA like con-
formations may be populated. When the simulation is
continued out to ∼4.1 ns, the same A-DNA average struc-
ture is obtained (rmsd of 0.63 Å, average structure from
2500–3300 ps to average 2500–4100 ps; 1.29 Å, average
2500–3300 ps to average 3300–4100 ps). The issue of equi-
libration in these simulations is complicated by the
expense of the calculations and short timescales repre-
sented; ideally the simulations should be run for at least
one order of magnitude more and moreover ideally show
titratable B-DNA to A-DNA transitions in both directions.
In spite of this, the results on the timescale reported in
this paper do give insight in the molecular interactions
underlying the stabilization of A-DNA.
The average structures from the trajectories are shown in
Figure 4. The close agreement between the A-start and B-
start average structures is clearly evident, as is the similar-
ity to the crystal structure. The crystal structure is slightly
more bent overall into the major groove, leading to a closer
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Figure 2
Rmsd versus time of the simulation of B-DNA
with four Co(NH3)63+ ions. The rmsd values
(Å) were calculated, using the program carnal
over the entire trajectory taken at 1 ps
intervals. The rmsd to canonical B-DNA is
shown in black and the rmsd to canonical
A-DNA is shown in gray from the B-start
simulation.
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approach of the opposing strands. From this view, it is
apparent that the GpGpG pocket is easily accessible to
the Co(NH3)63+ ions. 
The specific and ‘tight binding’ Co(NH3)63+ ions
In both unrestrained simulations, two of the hexaam-
minecobalt(III) ions remain bound to ‘A-DNA’ in the
GpGpG pockets in the major groove. The specific and
persistent interaction suggests that this binding mode is
that of tight binding, as characterized by rotational corre-
lation times in the nanosecond range, seen in previous
experiments [9]. Figures 5 and 6 show the distances
between the two tight-binding Co(NH3)63+ ions and the
bases in the major groove over the course of the two
unrestrained simulations. In the A-start simulation, two
of the Co(NH3)63+ ions remain in their respective
GpGpG pocket until ∼2.3 ns, when unexpectedly one of
the ion drifts out of the binding site (Figure 5b). After
this, at ∼2.6 ns (Figure 5c), the second ion also tran-
siently moves away from specific association with its
binding pocket until ∼2.9 ns. When the ions move out of
the GpGpG regions, the structure moves closer to B-
DNA (Figure 1) and the width of the bend across the
major groove (Figure 5a) increases. When the second ion
moves back into the GpGpG pocket, the structure
appears to get closer to A-DNA and the width of the
bend across the major groove also gets smaller. The loss
of ions from the GpGpG pockets and a transition to a
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Figure 3
Sugar pucker pseudorotation values versus time for each individual
nucleotide. Separate graphs are shown for each nucleotide in the
d[ACCCGCGGGT]2 duplex representing the sugar pucker
pseudorotation phase (°) as a function of time (ps) from the B-start
simulation. Low values (< 30°) represent C3′-endo and values above
∼150° represent C2′-endo.
structure closer to B-DNA is not seen in the B-start sim-
ulation; instead, the Co(NH3)63+ ions remain in their
respective GpGpG pockets throughout the entire simu-
lation. This just serves to emphasize that the motion of
these ions is quite inhibited and that little motion is
expected in nanosecond length simulations. Note that
despite apparent tight binding, the rotation of the ion is
not completely inhibited. Visualization of the trajectories
shows in all the simulations some, albeit slow, rotation of
the Co(NH3)63+ ions occurs, even when they are specifi-
cally localized in the GpGpG regions. This is consistent
with the results from a recent investigation by NMR
spectroscopy into the binding of Co(NH3)63+ ions to gua-
nines in the major groove of the stem portion of a RNA
hairpin loop, in which a single amino proton resonance
for the ion was observed (indicative of rotation) [31].
Figure 7 displays iso-contours of water oxygen, cobalt and
Co(NH3)63+ ion nitrogen density from the A-start simula-
tion over 1–2 ns. The binding of the Co(NH3)63+ ions in
the GpGpG pockets is very specific and symmetric in
both pockets. The ions are bound longitudinally tilting
just off the helical axis closely associated with the gua-
nines, with the cobalt ion closest to the central guanine in
the GpGpG step. The interaction begins with the 5′-
guanine and the lower axial amine, which interacts primar-
ily with the guanine N7 atom (∼3.0 Å, N–N), but also with
the O6 atoms (∼3.3–3.4 Å). Above this, two lateral amines
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Figure 4
Stereo views of the average structures from
the simulations compared to the A-DNA
crystal structure. All the structures were all-
atom rms fitted to the crystal structure prior to
display. (a) The average structure from the
control simulation from 1–2 ns. (b) An overlay
of the A-start (1–2 ns) and B-start
(2.5–3.3 ns) average structures. (c) The
refined structure of d[ACCCGCGGGT]2
crystallized in the presence of Ba2+ [10]
(crystal) obtained from the Nucleic Acid
Database (pdb220d.ent) [50].
(a)
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present a face at which one of the amines hydrogen bonds
to the central guanine N7 atom (∼3.0–3.1 Å) and the other
to the O6 atom (∼2.8–2.9 Å). Traversing above this, the
upper axial amine does not directly hydrogen bond to the
3′-guanine, but instead interacts through a water bridge to
the 3′-guanine, N7 and O6 atoms (which is possible with
difference sequences as well). When the other simulations
are considered, the Co(NH3)63+ ions show a similar binding
pattern and moreover also display modes of binding in
which the ion is shifted up one residue to interact primar-
ily with the second and third guanines in the GpGpG
sequence with a water bridge to the terminal thymine. In
this case, significant water density is seen at the 5′-guanine
N7 and O6 atoms which can also interact favorably with
the Co(NH3)63+ ion. These observations in part explain
why only GpG steps, rather than GpGpG steps, are neces-
sary for Co(NH3)63+ binding.
The DNA and the hexaamminecobalt(III) ions appear
extensively hydrated. The level of DNA hydration appears
more extensive than is seen in the simulation of A-RNA
[24] and is comparable to the level of hydration seen in the
simulation of A-DNA in mixed water and ethanol solution
[30]. Extensive hydration (see Figure 7b) is seen all around
the bound Co(NH3)63+ ions (but only weakly in the most
solvent-exposed part facing away from the DNA). In addi-
tion to the bridging water from the upper axial amine to the
3′-guanine (discussed above), water molecules can also be
seen in the foreground that bridge the O1P atoms of the
backbone phosphates from the 5′-guanine and the preced-
ing cytosine to the Co(NH3)63+ amine face that is perpen-
dicular to the guanine-binding amines. On the opposite
face (closest to the cytosines and the opposing backbone),
water molecules can also be visualized that bridge between
the cytosine amino groups (proximal to the guanines). In
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Figure 5
Distances across the major groove and from
the Co(NH3)63+ ions to DNA in the A-start
simulation. All distances are in angstroms and
plotted versus time in picoseconds at 1 ps
intervals. The data has been smoothed by
performing a running average over 25 ps. To
make the specification of the atoms more
concise in the text which follows, the symbol
‘:’ denotes the start of the residue number and
‘@’ separates the atom name. The DNA is
residues (5′ to 3′) 1–10 and 11–20 and the
Co(NH3)63+ ions are residues 21–24. (a)
Distances representing the bend or width
across the major groove. These are :1@C5′ to
:14@P (black), :2@P to :13@P (blue), :3@P
to :12@P (red) and :4@P to :11@C5′
(yellow). Short distances (< 15 Å) are found in
A-DNA structures compared with ∼20 Å for
B-DNA structures (see Table 2, control). (b)
Distances representing the approach from the
first Co(NH3)63+ ion to base pairs in the
center of the major groove. These are from
:21@Co to the center of mass of :4@N4 and
:17@O6 (black), to the center of mass of
:5@O6 and :16@N4 (blue), to the center of
mass of :6@N4 and :15@O6 (red), and to the
center of mass of :7@O6 and :14@N4
(yellow). The short distances here show that
the first Co(NH3)63+ ion is close to the
GpGpG pocket on the second strand
(:17,18,19). (c) Same as (b) except distances
are from the second Co(NH3)63+ ion,
:22@Co. The short distances show that this
ion is in the other GpGpG pocket (:7,8,9). (d)
Distances representing the proximity of the
third Co(NH3)63+ ion to the bend across the
major groove. This is represented as the
distance of the :23@Co to the bisector or
midpoint of the distances presented in (a),
using the same color scheme. Plots equivalent
to (b) and (c) are not shown for the third and
fourth Co(NH3)63+ ions as these never move
into the GpGpG pockets, but instead remain
in proximal association with the backbone.
Short distances (< ∼5 Å) in this plot suggest
that the ion is bridging the opposing strands
across the major groove. (e) Same as (d)
except the distances are from :24@Co.
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addition to these bridging water molecules, a ‘spine of
hydration’ is visible that runs down the other side of the
amino groups of the cytosine bases (close to the back-
bone) and this spine is closely associated to the hydrated
Co(NH3)63+ ions. The proximity of the Co(NH3)63+ ions to
the GpG regions, coupled with the observation that the
spine, discussed above, does not bridge to the cytosine
backbone, suggests that these ions do not interact too
strongly with the cytosine bases. The observation of bridg-
ing water molecules between the cytosine bases does
suggest some indirect interaction, however. All of the bridg-
ing water molecules will strongly stabilize the binding of
Co(NH3)63+ to the GpG regions.
The lack of significant interaction of the cobalt ions with
the cytosines is consistent with the NMR experiments
which suggest there is greater flexibility, or more backbone
variability, in the d(C)n regions when Co(NH3)63+ is present
[10]. Clearly, the tight binding of the Co(NH3)63+ ions
should modulate the flexibility of the guanines, perhaps by
increasing their rigidity relative to the cytosines. Rather
than rigidifying the guanines,  these simulations on the
nanosecond timescale (A-start simulation, 1–2 ns) suggest
that the fluctuations in the backbone angles increase in
both the GpGpG and CpCpC regions upon Co(NH3)63+
binding. The increases are most notable in the γ, ε and ζ
backbone angles and in the angles related to the sugar
pucker (δ and χ). The largest increase is in the guanine
sugar repuckering, in which the fluctuations increase by
∼50% compared with 33% for the cytosines in the control
simulation (750–1750 ps). The large increase in the
guanine repuckering is probably due to the overstability of
the C2′-endo puckers with the force field employed and
the interplay of the bound Co(NH3)63+ ions driving the
pucker towards C3′-endo.
The role of the ‘weak binding’ Co(NH3)63+ ions in mediating
the B-DNA to A-DNA transition
Although the two Co(NH3)63+ ions that are free from the
GpGpG pockets show much more movement during the
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Figure 6
Distances across the major groove and from
the Co(NH3)63+ ions to DNA in the B-start
simulation. The plots are equivalent to those in
Figure 5, except the data is from the B-start
simulation.
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course of the dynamics than those bound in the pockets,
they are most often loosely associated with the phosphate
backbone. The interaction tends towards both sides of the
phosphate backbone and the ions tend to associate most
often near the terminal ends of the duplex. Despite associ-
ation with the phosphates, both on the minor and major
groove side of the backbone, bridging of phosphates across
the minor groove is never persistently observed in these
simulations. Instead, persistent association is seen on the
major groove side with ions bridging the close approach of
the 5′ ends of the opposing strands. This can be seen in
Figure 7a. In the crystal structure and during the trajectory,
the opposing strands actually get quite close, as close as
∼6 Å in the simulation, which is never seen in the control
simulation. Average inter-phosphate distances (and their
fluctuations) representing the close approach of the oppos-
ing strands are presented in Table 2, over the range in
which the structures are clearly A-DNA. In Figures 5a and
6a, the distances representing the close approach are
plotted as a function of time. When the distance is short, a
Co(NH3)63+ ion is often present bridging the opposing
strands. Considering the atoms used to calculate the dis-
tances between opposing strands in Figures 5a and 6a, the
proximity of the ion to the bisector of this distance can be
used as a guide to whether the ion is in a position to bridge
the strands; this is plotted for the weakly binding
Co(NH3)63+ ions in Figures 5d, 5e, 6d and 6e. When the
ion is close to this bisector, it is bridging the strands and
the distance is short. In Figure 5a, it is apparent that after
∼2.9 ns, the distance between the opposing strands in the
bend across the major groove starts to get shorter, which
is indicative of a transition back closer to A-DNA. This
transition occurs in spite of the absence of one of the
Co(NH3)63+ ions in its GpGpG pocket (Figure 5b) and
appears to correlate with the other Co(NH3)63+ ions moving
in to bridge the bend across the major groove (Figure 5d
and e). A more dramatic demonstration of the importance
of the bridging ion in stabilizing A-DNA is seen in the 
B-start simulation. Despite the presence of Co(NH3)63+
ions in the GpGpG pockets throughout the simulation
(Figure 6b and c), the structure does not completely tran-
sition to an A-DNA structure until ∼2.5 ns when the
puckers concertedly flip to C3′-endo in the GpGpG regions
(Figure 3). Prior to the concerted flip in the puckers, at
about 1.9 ns, one of the unbound Co(NH3)63+ ions moves
into a position to bridge the bend across the major groove
(Figure 6d). This facilitates the bend across the major
groove and probably helps to destabilize B-DNA or stabi-
lize A-DNA. Just after 2.5 ns, both unbound ions are in a
position to bridge the bend until finally the unbound ion,
the time course of which is displayed in Figure 6e, dis-
places the other unbound ion and remains involved in a
bridge between opposing strands. This analysis does not
suggest a cause and effect, or conclusively demonstrate that
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Figure 7
Hydration and counterion association of A-
DNA in the presence of Co(NH3)63+. Iso-
contours of the water oxygen (blue),
Co(NH3)63+ cobalt (yellow) and Co(NH3)63+
nitrogen (red) atomic density over the time
range of 1000 to 2000 ps is displayed in
stereo along with the average structure from
the A-start simulation. The average structure
was created, and the atomic density
generated, as described in the Materials and
methods section. The whole molecule is
shown in (a) and a close up into the top
GpGpG region is shown in (b). The atomic
density is contoured at a level of 12.0 hits per
1000 frames or roughly three times the bulk
water density.
bridging ions are necessary to complete the transition. The
circumstantial evidence from the time course seen in simu-
lations involving a complete B-DNA to A-DNA transition,
coupled with the requirement of a 4:1 ratio of Co(NH3)63+
ion to DNA to complete the transition and the observation
of similar bridging ions in the crystal [10], however, sug-
gests that the weakly bound ions have an important role.
The current simulations suggest that the role of these
weakly bound ions is to stabilize the close approach of
opposing strands in the bend across the major groove, a
role similar to that seen with Co(NH3)63+ ions bridging
symmetry-related strands in the crystal structures.
Insight into the stabilization of A-DNA
These simulations demonstrate that the methods and
force fields have improved to a sufficient level, such that
some representation of the environment can be seen in
nanosecond length simulations of DNA duplexes in 
solution through the stabilization of A-DNA and the spe-
cific transition from B-DNA to A-DNA by hexaammine-
cobalt(III). The Co(NH3)63+ ions, when bound in the
GpGpG pockets and involved in bridges between oppos-
ing strands in the bend across the major groove, stabilize
A-DNA. The bound Co(NH3)63+ ions are extensively
hydrated and this hydration is important in stabilizing the
binding to GpG sequences. These simulations suggest
that A-DNA is in general stabilized by extensive hydra-
tion and counterion association in the major groove.
Considering the results presented here, it may be possible
to suggest a unification of the specific mechanism of A-
DNA stabilization seen here with the non-specific mecha-
nism operative at low water activity. In the latter case,
dehydration takes place primarily in the minor groove and
along the backbone. Removal of the spine of hydration
and backbone associated waters could in principle destabi-
lize B-DNA by increasing the phosphate repulsion within
and between strands. A-DNA has a wider minor groove
which moves the phosphates further apart (from a low of
∼12 Å to ∼16 Å, P to P) and a larger separation between
adjacent phosphates. With less waters to screen these
ionic interactions, A-DNA should be favored. At the same
time, however, in A-DNA the phosphates are rotated such
that the phosphate oxygens point more towards the major
groove. Additionally, the generalized roll into the major
groove in A-DNA leads to bends that bring the opposing
strands closer together. In the absence of screening by
solvent or ions, both the rotation of phosphates and the
roll of the major groove would tend to destabilize A-DNA.
Clearly some ionic association and water hydration must
remain in the major groove to stabilize these interactions
and therefore stabilize A-DNA.
This general pattern of well-defined hydration and ion asso-
ciation in the major groove, and a correspondingly lower
level of hydration seen with the backbone and minor
groove, is in fact observed in the A-DNA crystal structures
(reviewed by Wahl and Sundaralingam in [32]). In the A-
DNA crystal structures, less hydration of the minor groove
is seen due to the exposure of more hydrophobic groups in
the shallow groove and also due to the ubiquitous crystal
packing motif observed in A-DNA single crystals. The
crystal contacts in A-DNA pack the termini into the minor
groove of symmetry-related duplexes which partially fills
the groove. This motif is also seen in the one example of a
protein–A-DNA complex in which the localized A-DNA
region in the TATA box shows significant major groove
hydration, yet little minor groove hydration due to the
binding of the TATA-binding protein in the minor groove
[5]. In addition to dehydration of the minor groove, as
pointed out by Saenger [33], there is also an economy of
hydration in the A-DNA backbone that often leads to single
waters bridging phosphates, rather than a diffuse cone of
hydration surrounding the phosphates.
This model of hydration and ion association in the major
groove stabilizing A-DNA also explains the difficulty in
inducing a transition from B-DNA to A-DNA in adenine-
rich duplexes. In general, ions are shown to interact prefer-
entially with guanines in the major groove [34] or with the
phosphates (often in crystal contacts) [32]. Adenine-rich
sequences display less specific ion association in the major
groove which can stabilize A-DNA; moreover, in adenine-
rich sequences, ions may bind in the minor groove which
can stabilize B-DNA. Support for this comes from recent
NMR studies that demonstrate ion association into the
minor groove of A-tract sequences [35]. Ion association in
the minor groove will lead to more extensive hydration and
tend to stabilize B-DNA. Taken together the observations
suggest that although A-DNA is stabilized by dehydration,
the major groove remains extensively hydrated and ion
associated. Our simulations of A-DNA with hexaammine-
cobalt(III) presented here and of A-DNA in mixed ethanol
and water solution [30] support this general model.
Biological implications
The structure of DNA is profoundly influenced by the
environment. This subtle dependence on the environ-
ment is probably crucial for regulation and packaging
of DNA. Although the B-form of DNA is the domi-
nant form under physiological conditions, A-DNA and
Z-DNA forms have also been suggested to have a bio-
logical function. An example of this is the increased
UV photoresistance of Gram-positive bacteria due to
the binding of small α,β-type acid-soluble spore proteins
to DNA, which induces a transition to the more rigid
and photoresistant A-DNA conformation [4]. It is not
only the structure of DNA, but also the inherent
deformability or flexibility of that structure which may
be important for recognition by proteins. An example 
is the TATA box, in which the deformability of the
TATA sequence may play a role in the binding of
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TATA-binding protein and in the induction of a local
A-DNA conformation in the DNA duplex [5,6]. 
The goal of this present study was to show that theoreti-
cal methods can complement the information obtained
from NMR spectroscopy and X-ray crystallography,
and moreover give insight into the dynamics and inher-
ent deformability of DNA duplexes. Molecular dynam-
ics simulations have reached a new level whereby
specific effects of the environment can be reasonably
represented thanks to advances in the force fields and
simulation methodologies. This was demonstrated previ-
ously by showing spontaneous A-DNA to B-DNA tran-
sitions in water [26] and, in this work, spontaneous
B-DNA to A-DNA transitions induced by bound hexa-
amminecobalt(III) ions. The simulations reported here
give clear insight into the specific molecular interactions
that stabilize A-DNA. In addition to reproducing the
strong binding of hexaamminecobalt(III) ions to GpG
steps in the major groove of A-DNA, the simulations
suggest that in solution additional Co(NH3)63+ ions
bridge the phosphates from opposing strands in the bend
across the major groove and stabilize A-DNA. Our
observation allows us to expand on the general explana-
tion of stabilization of A-DNA by dehydration, as the
current simulations suggest that hydration and counte-
rion association in the major groove are probably addi-
tional major factors in the stabilization of A-DNA.
It is hoped that with further advances, the simulation
methodologies used in this work may aid the design of
molecules which specifically bind to DNA, to block
transcription or translation, or even to design mol-
ecules to compact DNA for enhanced gene delivery in
gene therapy.
Materials and methods
The creation of the initial structures, equilibration and dynamics were
performed as described in our previous papers [24,26]. The starting
canonical A- and B-form duplex structures [36] of d[ACCCGCGGGT]2
were generated using the NUCGEN module of AMBER 4.1 [37].
Hydrogens were added with the EDIT module with AMBER 4.1 and the
initial hydrogen positions were minimized (in vacuo), while holding all
non-hydrogen atoms fixed. A model based on the crystal structure of
this sequence [10] was also built. In the models run with hexaam-
minecobalt(III) or Co(NH3)63+, two cobalt ions were hand docked
(using molecular graphics) near the two GpGpG pockets and the other
two ions were placed on the periphery of the major groove near the
backbone in a position chosen to stabilize a potential bend across the
major groove. The placement of the cobalt ions was done in an attempt
to match the positions described in the NMR spectroscopy and crystal-
lography papers by the Wang group [10]. The initial ion placement for
the A-DNA and B-DNA models is shown in Figure 8. Note that during
the equilibration of B-DNA, the backbone associated ions moved out of
the major groove but remained proximal to the backbone. For the simu-
lation without cobalt ions, but with explicit net-neutralizing sodium
counterions, the sodium atoms were placed at the phosphates of these
models by the EDIT module of AMBER 4.1. For the simulation with
cobalt ions, the CION module of AMBER 4.1 was used to place the
ions based on a favorable electrostatic potential after the hand placing
of the Co(NH3)63+ ions. The structures were then surrounded by a peri-
odic box of TIP3P waters which extends approximately 10 Å (in each
direction) from the nucleic acid atoms. This leads to a periodic box size
of ∼59 Å by ∼42 Å by ∼42 Å for the A-form structures and ∼55 Å by
∼44 Å by ∼44 Å for the A-form structures.
The parameters described by Cornell et al. ([19], see also http://
www.amber.ucsf.edu) were used in all of the simulations. The all-atom
hexaamminecobalt(III) ions were built with explicit bonds from the
cobalt to the amine groups and explicit N–Co–N angles specified to
generate an octahedral complex. The charges were generated based
on a fit to the electrostatic potential generated with the DGAUSS
program [38], based on an optimization at the double zeta plus polar-
ization level on the main terms with the A1 auxiliary basis set [39,40]
applying the Becke non-local correction [41] in the SCF. The parame-
ters for the Co(NH3)63+ ions are as follows:
Bonds: (N–Co) req = 2.070 Å, keq = 300.0 kcal/mol Å2
(N–H) req = 1.037 Å, keq = 500.0 kcal/mol Å2
Angles: (N–Co–N) θeq = 90° or 180°, kθ = 70.0 kcal/mol radian2
(Co–N–H) θeq = 109.5°, kθ = 35.0 kcal/mol radian2 
(N–Co–N) θeq = 109.5°, kθ = 35.0 kcal/mol radian2
Dihedrals: none (force constant is zero on all dihedrals)
Atom: (Co) charge = 1.062, r* = 0.5, ε = 0.01
(N) charge = –0.784, r* = 1.824, ε = 0.17
(H) charge = 0.369, r* = 0.6, ε = 0.0157
Note that two parameters for the N–Co–N angle are described repre-
senting the two possible cases. To allow for both, the atom types were
uniquely defined along each of the three possible axes (x,y,z), such that
like axis atoms had a N–Co–N angle of 180° and off-axis atoms had a
N–Co–N angle of 90°.
All simulations were run using the sander module of AMBER 4.1 with
SHAKE [42] (tolerance = 0.0005 Å) on the hydrogens, a 2 fs time step, a
temperature of 300K with Berendsen temperature coupling [43] and a
time constant of 0.2 ps, a 9 Å cutoff applied to the Lennard–Jones inter-
actions, and constant pressure with isotropic molecule based scaling
[43] with a time constant of 0.2 ps. The non-bonded list was updated
every 10 steps. Equilibration was performed by first holding the positions
of the DNA fixed and running 1000 steps of minimization followed by
dynamics for 25 ps with a cutoff of 9 Å on all interactions. In order to
avoid shifting of the two DNA strand molecules during constant pressure
equilibration (when the DNA was held fixed), both strands were treated
as if they were a single molecule. After this initial equilibration, all subse-
quent simulations were run using the particle mesh Ewald method [22]
within AMBER 4.1 using a cubic B-spline interpolation order and a 10–5
tolerance for the direct space sum cutoff. To speed up the fast Fourier
transform in the calculation of the reciprocal sum, the size of the PME
charge grid is chosen to be a product of powers of 2, 3, and 5 and to be
slightly larger than the size of the periodic box. This leads to a grid
spacing of ∼1 Å or less. Equilibration was continued with 25 kcal/mol Å2
restraints placed on all solute atoms, minimization for 1000 steps, fol-
lowed by 3 ps of MD which allowed the water to relax around the solute.
This equilibration was followed by five rounds of 600 step minimization in
which the solute restraints were reduced by 5 kcal/mol during each
round. Finally, the system was heated from 100K to 300K over 2 ps and
then producssure is utilized, some small energy drain during the simula-
tions can occur. As uniform scaling of velocities by Berendsen coupling
was utilized to bring the very slowly dropping temperature back up to
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300K, the center of mass velocity can slowly grow. Therefore, periodi-
cally in the simulation (at every restart or every ∼80–100 ps) this center
of mass velocity was removed during the production dynamics.
The following simulations were run:
A-start: canonical A-DNA start with four Co(NH3)63+ ions, 3351 ps.
B-start: canonical B-DNA start with four Co(NH3)63+ ions, 3372 ps.
A-start (restrained) and B-start (restrained): these simulations, run for
3027 ps and 3142 ps respectively, were the same as the A-start and
B-start simulations above, except for the application of restraints to
two of the hexaamminecobalt(III) ions. Distance restraints were applied
from the cobalt atom of the two GpGpG ‘docked’ Co(NH3)63+ ions to
the central guanine C5 atom to keep the ions close to their respec-
tive GpGpG ‘pockets’. This was enforced by applying a flat well
restraint that was zero from 0.0 Å until 5.8 Å, harmonic to 8.0 Å and
linear outside this range with a 10 kcal/mol deg force constant. The
remaining two Co(NH3)63+ ions were left unrestrained. Originally
these restraints were applied, as it was unclear whether the simple
all-atom model of Co(NH3)63+ would behave well in terms of its hydr-
ogen bonding ability and overall properties in these rather expensive
calculations. As it turned out, in the simulations without restraints the
Co(NH3)63+ ions remained bound to the guanines for most of the sim-
ulation suggesting that the restraints were unnecessary. The results
are discussed, however, because the B-start (restrained) also shows
a spontaneous B-DNA to A-DNA transition and both simulations
provide more evidence of the stabilization of A-DNA not only by the
ions in the GpGpG pockets, but the ions bridging the bend across
the major groove.
Control: canonical A-DNA start with 18 Na+ ions and without
Co(NH3)63+ ions, 2922 ps. An additional control simulation was run
starting with canonical A-DNA with no ions present and run for
2027 ps. The net charge on the system was removed by subtracting
the net average charge from each atom in the system.
All of the results were analyzed using the program carnal and a modi-
fied version of rdparm from AMBER 4.1, the Dials and Windows [44]
interface to Curves [45], or a more recent version of Curves (version
5.1, June 1996). Standard angle (α, β, γ, δ, ε, ζ, χ) [1] and helicoidal
parameter [46] names and definitions are presented in the analysis.
Sugar pucker pseudorotation values and sugar pucker amplitudes
were calculated based on the Altona and Sundaralingam conventions
[47]; in the text ‘sugar pucker’ or ‘pucker’ will be used synonymously
with ‘sugar pucker pseudorotation phase’. Nucleic acid residue names
are referred to in the text as one letter codes. To avoid confusion
between base pairs and base pair steps in the text, base pair steps are
denoted with a ‘p’, that is TpG steps in contrast to TG base pairs. As
noted in the main text, the helicoidal values calculated with Curves
(without any best fit of planes to the bases or pair pairs) differs from
those reported for the crystal structure in the work of Gao et al. [10].
This is likely an artifact of the method used (which is not described fully
in that paper). When Curves is applied with a best fit of a plane to the
base pairs, the results are more consistent for the crystal (inclination
∼13.6°, x-displacement ∼–4.67 Å and rise ∼2.85 Å). This serves to
point out the sensitivity of the helicoidal parameters to the method used
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Figure 8
The A-DNA and B-DNA starting structures.
Stereo views of the starting DNA structures
(in gray) and hand-placed Co(NH3)63+ ions (in
black) are presented.
A-DNA
B-DNA
Structure
to calculate them and the coordinates, and this reinforces the need for
applying a common method to calculate helicoidal parameters to allow
consistent comparison.
Average structures from the trajectories were calculated using the
carnal module of AMBER to coordinate average the rms coordinate fit
frames (over all DNA atoms) taken at 1 ps intervals. No extra process-
ing of these average coordinates (i.e. minimization) was performed.
Solvent and counterion distributions were calculated by binning atom
positions from rms coordinate fit frames over all DNA atoms at 1 ps
intervals into( 0.5 Å)3 grids over 1 nanosecond portions from the trajec-
tories as described in our previous paper [24] and contoured using the
density delegate of UCSF MidasPlus [48].
All the molecular graphics images were produced using the MidasPlus
software available from the computer graphics laboratory, University of
California, San Francisco. All the molecular dynamics calculations were
either run on an SGI R8000 at UCSF or 64 processors of the Cray
T3E at the Pittsburgh Supercomputing Center using a modified version
of the sander module of AMBER 4.1. The Cray T3E parallel version
was adapted from the MPI version of sander originally developed by
Vincent and Merz [49] and incorporated into AMBER 4.1. Paralleliza-
tion of the particle mesh Ewald code specifically for the Cray T3E and
also more generally under MPI was performed by Michael Crowley of
the Pittsburgh Supercomputing Center.
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